The Chinese Meishan pig breed is well known for its high prolificacy. Moreover, this breed can be divided into three types based on their body size: big Meishan, middle Meishan (MMS) and small Meishan (SMS) pigs. Few studies have reported on the genetic signatures of Meishan pigs, particularly on a genome-wide scale. Exploring for genetic signatures could be quite valuable for revealing the genetic architecture of phenotypic variation. Thus, we performed research in two parts based on the genome reducing and sequencing data of 143 Meishan pigs (74 MMS pigs, 69 SMS pigs). First, we detected the selection signatures among all Meishan pigs studied using the relative extended haplotype homozygosity test. Second, we detected the selection signatures between MMS and SMS pigs using the cross-population extended haplotype homozygosity and F ST methods. A total of 111 398 SNPs were identified from the sequenced genomes. In the population analysis, the most significant genes were associated with the mental development (RGMA), reproduction (HDAC4, FOXL2) and lipid metabolism (ACACB). From the cross-population analysis, we detected genes related to body weight (SPDEF, PACSIN1) in both methods. We suggest that rs341373351, located within the PACSIN1 gene, might be the causal variant. This study may have achieved consistency between selection signatures and characteristics within and between Meishan pig populations. These findings can provide insight into investigating the molecular background of high prolificacy and body size in pig.
Introduction
Pigs (Sus scrofa domesticus) have gone through intensive domestication and selection to improve pork productivity. As a result of the selection pressure, dramatic phenotypic changes have occurred in domestic pigs with regard to a number of economically important traits such as reproduction, growth rate and meat quality (Rubin et al. 2012) . The Chinese Meishan pig breed is renowned for its high prolificacy (Haley & Lee 1993) . Moreover, this pig breed can be divided into three subgroups based on their body size: big Meishan, middle Meishan (MMS) and small Meishan (SMS) pigs. In the latter part of the last century, the population size of Meishan pigs rapidly decreased due to the importation of the Western commercial pigs, and the big Meishan pigs have become extinct.
There are four different state-owned conservation farms in the Taihu Lake region in eastern China that are used for preserving MMS and SMS pigs. Every subgroup of Meishan pig breeds are raised on two different farms respectively. On average, the body weight of mature MMS pigs is about 50 kg more than that of SMS (Chen 2014) . It has been reported that there is an obvious genetic distance between MMS and SMS pigs (Wang et al. 2015) . Thus, given the interest in the characteristics of Meishan pigs, associated selection signatures might be detected. The Meishan pig population might be good subjects for revealing the selection signatures for reproduction and body size.
However, few studies have reported on genetic selection signatures of Meishan pigs.
The development of high throughput genotyping techniques has made it possible to detect selection signatures genome wide. Recently, a number of statistical methods have been developed for detecting selection signatures related to specific traits (Vatsiou et al. 2016) . The relative extended haplotype homozygosity (REHH) test, which is used for the detection of selection signatures within the human genome, and the cross-population extended haplotype homozygosity (XP-EHH) test, which is used for between-population analyses, have both already been postulated by Sabeti et al. (2002 Sabeti et al. ( , 2007 and have been successfully applied on pig populations. Stratz et al. (2014) detected six selection signatures (P-values < 0.001) in the genome of Pietrain pigs using the REHH test. Kim et al. (2015) identified several selection signatures involved in growth and body size by comparing the Yucatan Miniature pig genome to that of other large swine breeds using the XP-EHH test. Moreover, the F ST method has been most widely used for exploring selection signatures based on the genetic differentiation between populations (Vatsiou et al. 2016) . Therefore, given the interest in the evolution of the Meishan pig breed and the differences between SMS and MMS pigs, we sought to detect the associated selection signatures by applying REHH, XP-EHH and F ST methods. Here, we describe in detail the selection signatures of the Meishan pig population.
Materials and methods

Sample preparation and sequencing
A total of 143 distantly related individuals from four conservation farms (Jiading, Kunshan, Jurong and Taicang) were selected for this study. Twenty-four MMS pigs from the Kunshan conserved population were sequenced in our present study; the sequences of individuals from the other three conserved populations were reported in our previous publication (Wang et al. 2015) . All individuals were sequenced and genotyped using the GGRS protocol (http://klab.sjtu.edu.cn/GGRS/) (Chen et al. 2013) . Briefly, the genomic DNA was extracted from ear tissues using a commercial kit (Lifefeng Biotech). The quality and concentration of DNA was determined by a TGem Spectrophotometer (Tiangen Biotech). The DNA was digested by the restriction enzyme AvaII (NEB Co.). Then, a unique adapter barcode sequence was ligated to each individual's digested fragments by T4 DNA ligase (NEB Co.). Next, the ligations from all the individuals were pooled to construct a DNA library. The library (digested fragments ranging from 200 to 300 bp) was sequenced using the Illumina Hiseq2000 platform. A summary of the sample sizes are listed in Table S1 .
SNP calling
The quality of the raw sequences was screened using the NGS QC TOOLKIT v2.3 with default parameters (Patel & Jain 2012) . Then, with the barcode and the restriction motif sequence information, the valid reads of each individuals were obtained using a perl script. These reads were then mapped onto the pig reference genome (Sscrofa 10.2) using BURROWS-WHEER ALIGNER with the parameter 'bwa aln' (Li & Durbin 2010) . SNPs were called using SAMTOOLS with parameters 'mpileup -ID -ugf' and 'bcftools view -vcg' (Li et al. 2009 ). For a SNP to be called, the calling quality had to be greater than 20 (99% accuracy) and the minimum depth had to be greater than 5 on average. Missing genotypes for the whole dataset were imputed by IBLUP , which imputes missing genotypes using identity-by-descent and linkage disequilibrium information. SNPs with minor allele frequency greater than 0.05 were retained for further analysis.
Population structure
Using the information from all the SNPs, population structure was investigated using STRUCTURE (version 2.3.4) based on an admixture model with 10 000 iterations selected (Pritchard et al. 2000) . A principal components analysis (PCA) was performed using the R package 'ROPLS' (version 1.8.0) based on the default algorithm SVD (Thevenot et al. 2015) . The first two dimensions were used to distinguish population structure. Considering linkage, the SNPs were randomly pruned using the criterion of 1-kb distances. PCA was also performed using the pruned SNPs.
Selection signature detection
The pruned SNPs were phased to obtain the haplotypes using FASTPHASE (Scheet & Stephens 2006) . To detect the selected signatures of all the Meishan pigs, the REHH test was estimated based on the haplotypes using SWEEP v.1.1 (http://www.broadinstitute.org/mpg/sweep/index.html) with the parameter marker H = 0.04. The results were split into 20 equally sized allele frequency bins with zero means and unit variances to obtain P-values (Sabeti et al. 2007) . A core haplotype with a frequency greater than 0.25 and a REHH P-value < 0.01 was regarded as a potentially selected position . To detect selection signatures, the XP-EHH test was performed comparing MMS and SMS pigs based on haplotype information. Positive scores indicated signatures in MMS pigs, and negative scores indicated signatures in SMS pigs. The XP-EHH scores were normalized to have zero means and unit variances for calculating the Pvalue of each loci (Sabeti et al. 2007 ). Loci having a P-value < 0.01 were considered to have a strong signal. The F ST method described by Weir & Cockerham (1984) was performed. The threshold value was defined as 1.5 times the inter-quartile range from the upper quartile. F ST values greater than the threshold value represented the potential outliers. Common SNPs between the XP-EHH and F ST methods were regarded as the candidate selection signatures.
Gene annotation tests
The Ensembl Genes 87 (Sscrofa 10.2) database was used to identify candidate genes that were associated with the detected signatures. Because of the incomplete annotation for pig genes, corresponding human orthologous genes of those candidate genes were used for enrichment analyses using the Database for Annotation, Visualization and Integrated Discovery (DAVID) (Dennis et al. 2003) . Gene Ontology (GO) terms with P-value < 0.01 and KEGG pathway terms with P-value < 0.05, all with a false discovery rate less than 25%, were regarded as significant results. Moreover, the pig QTL database (SS_10.2) (https:// www.animalgenome.org/cgi-bin/QTLdb/SS/index) was used for annotation of the significant selection signatures. Considering the large span of QTL, the threshold length of the QTL regions were 1 Mb.
Data availability
The sequence data were deposited in the NCBI Sequence Read Achieve (SRA). The accession no. for the 24 pigs from the Kunshan conserved population is SRR6233734.
Results
Sequencing and detection of SNPs
In total, more than 610 million reads (100 bp) were generated. On average, about 2.4% of the entire genome length of each individual was detected in this study (Table S1 ). A total of 111 398 SNPs (minor allele frequency ≥ 0.05), with an average sequence depth of 7 (Phred quality ≥ 20), were retained. Nucleotide diversity of 10 5 -bp nonoverlapping windows showed a good distribution within the whole genome except for the sex chromosomes (Fig. 1) .
Population structure
A total of 111 398 SNPs were used for the detection of population stratification based on two methods: population admixture and PCA. The results of population admixture, with an assumed number of ancestries K = 2, 3 and 4, are shown in Fig. 2a . The SMS and MMS pigs were clearly distinguished at K = 2. MMS from different farms were separated at K = 3. SMS pigs from different farms of were still not separated at K = 4. The PCA results are shown in Fig. 2b . The first two dimensions separated MMS from SMS pigs with a total of 16.2% of the variance explained. Meanwhile, in comparison to SMS pigs, the MMS pigs from the Kunshan farm were distinguished from those from the Jiading farm. PCA was also performed using the 60 067 pruned SNPs, and the results (Fig. S1 ) were in accordance with the results shown in Fig. 2b .
Selection signature detection
The REHH test was performed to obtain selected signatures within the Meishan pig populations. The distribution of ln (REHH) scores were approximately normal (Fig. S2a) . With a frequency greater than 0.25, a total of 37 core regions were detected, having a P-value < 0.01 (Table S2) , and six core regions were revealed with a P-value < 0.001 (Fig. 3) . Among the six regions, three were related to the genes RGMA, ACACB and IL1R2 and the other three were near the genes HDAC4 (16 kb apart), FOXL2 (200 kb apart) and U6 (20 kb apart). A total of 25 corresponding human orthologous genes were used for the GO and KEGG enrichment analysis. The results of the enrichment analysis are shown in Table 1 . To detect the selection signatures between MMS and SMS pigs, XP-EHH and F ST methods were used. Positive XP-EHH values imply selection in MMS pigs, whereas negative values suggest selection in SMS pigs. The raw values showed an approximate normal distribution (Fig. S2b) . The most significant outliers were located on chromosome 7 (Fig. 4) . A total of 534 outliers were detected in MMS pigs and 1075 outliers were detected in SMS pigs (P-value < 0.01) (Table S3) . A total of 1554 SNPs were detected from the F ST test (Table S3) . Finally, a total of 159 SNPs were found to be significant in both XP-EHH and F ST tests. Among these SNPs, 11 genes were identified from the XP-EHH test (P-value < 0.001) ( Table 2) . A total of 34 corresponding human orthologous genes were used for the GO, KEGG and QTL annotation analysis. The results of the enrichment analysis are shown in Table 1 .
Discussion
Population structure
The results of both population admixture and PCA showed that there was an obvious genetic distance between SMS and MMS pigs, which implies a difference between the two types of Meishan pigs. Two populations of MMS pigs were clearly distinguished when K = 3, and PCA results indicated that the distribution of MMS pigs was more scattered compared to that of the SMS pigs. Thus, these results might indicate that there is genetic differentiation between the two farms of MMS pigs. One possible reason for this might be the separation between the farms. Therefore, to avoid this differentiation, the different conservation farms of MMS pigs may need to strengthen their genetic connection.
Signatures detected within population
The REHH test has been noted as a method for detecting selected signatures within a population by analyzing longrange haplotypes (Sabeti et al. 2002) . Thus, considering Meishan pigs' good prolificacy performance, the REHH test was performed to observe the selection signatures among all 143 Meishan pigs. For this part of the study, our analysis suggests that Meishan pigs underwent selection for lipid, nervous system development and reproduction. The most significant REHH core region was related to the RGMA (repulsive guidance molecule family member a) gene, which has been reported to encode repulsive guidance molecule A, a membrane-bound protein that is expressed mainly in the central nervous system and plays a key role in neural tube morphogenesis (Key & Lah 2012) . Deletion of the RGMA gene can cause mental deficiency in human (Capelli et al. 
2012
). Moreover, the CHD2, FAM174B and ST8SIA2 genes, which are near the RGMA gene, have also been reported to be related to mental development (Chenier et al. 2014; Kamien et al. 2014) . This might imply that the area near the RGMA gene is involved in mental development. Interestingly, the term 'Alzheimer's disease' was also found in the KEGG pathway analysis. The Meishan pig breed is known to be pretty docile and has good mothering characteristics. Thus, these signatures might relate to the mild character of Meishan pigs. In addition, in a previous study HDAC4, FOXL2 and IL1R2 were shown to be related to reproduction. The HDAC4 (histone deacetylase 4) gene plays a role during oogenesis and early preimplantation development in mice (Kageyama et al. 2006) . The FOXL2 (forkhead box L2) gene plays a key role in follicular maturation and maintenance of ovarian identity (Bellessort et al. 2015) . Moreover, the selection region associated with the FOXL2 gene is also located withiin a reproduction QTL (ovary weight). The IL1R2 (interleukin 1 receptor type 2) gene encodes interleukin 1 receptor type 2, which is believed to be associated with reducing the risk of preterm birth in women (Langmia et al. 2016) . It has also been described that the high prolificacy of the Meishan breed is due mainly to a higher ovulation rate and a higher rate of prenatal survival (Christenson et al. 1993) . Therefore, these genes might imply the selection signatures of reproduction in Meishan pigs.
Also detected was the ACACB (acetyl-CoA carboxylase beta) gene (P-value < 0.001), demonstrated to be associated with obesity (Riancho et al. 2011) . Moreover, the term 'lipid metabolic process' was also found in the GO analysis. It is well known that the Meishan pig breed is substantially fatter and has a greater backfat thickness in comparison to Western commercial breeds (Nakajima et al. 2011) . Thus, these results might indicate the evolution of the fat characteristics in the Meishan pig breed.
Signatures detected across populations
Besides selection signatures within populations, we also studied body size as it related to the different types of Meishan pigs. The XP-EHH test is a common method for discovering selected alleles that have unusually long ranges of linkage disequilibrium based on cross-population comparisons (Vatsiou et al. 2016) . The F ST method is most widely used for exploring selection signatures between populations. Thus, for this part of the study, we used a combination of XP-EHH and F ST methods, and our analysis revealed some suggested genes related to having experienced selection for body size and growth. The distribution of the XP-EHH scores appeared to have tails (Fig. S2b) . As Sabeti et al. (2007) said, distribution of XP-EHH scores are approximately normal, and there is usually a small skew toward one population, and they neglected this asymmetry when calculating significance scores. In our study, we also neglected the asymmetry, and we assumed that the substantial outliers detected in SMS pigs may suggest that they have undergone a stronger selection than MMS pigs did.
In the MMS pigs, the most significant areas were located mainly on chromosome 7. The SPDEF (SAM pointed domain containing ETS transcription factor), CTNNA2 (catenin alpha 2), PACSIN1 (protein kinase C and casein kinase substrate in neurons 1) genes were the most significant. It has been observed that PACSIN1 and SPDEF are related to body height, body length and rump circumference . Interestingly, we detected SNP rs341373351 (Chr7:35237105; P = 3.58e-4) in the 3 0 -untranslated region of PACSIN1, and the frequency of the alternate allele 'A' was 0 in the MMS pigs and 0.28 in the SMS pigs (P = 2.37e-11; Pearson's chi-square test). Therefore, rs341373351 in PACSIN1 might be a candidate position for body size in pigs. The CTNNA2 gene has been reported to be associated with residual feed intake (Louveau et al. 2016) . In the XP-EHH test, the IGF1R (P = 0.002) gene was detected. It has been reported that IGF1R is associated with growth and body weight in pigs, rats, dogs and chickens (Todd et al. 2007; Wu et al. 2011; Pierzchała et al. 2012; Rimbault et al. 2013) . The ZFYVE26 (zinc finger FYVE-type containing 26) and SLIT3 (slit guidance ligand 3) genes were detected in the SMS pigs. It has been observed that ZFYVE26 is associated with feed efficiency in pigs (Do et al. 2014a,b) . The SLIT3 gene has been reported to be associated with average daily gain in pigs (Fontanesi et al. 2014) . Feed efficiency and average daily gain are known to be important for growth. In the F ST test, the most significant genes were DSCAM (DS cell adhesion molecule; F ST = 0.634) and FAM134B (reticulophaby regulator 1, also known as RETREG1; F ST = 0.728) on chromosomes 13 and 16 respectively. The DSCAM gene was reported to be associated with residual feed intake in pigs (Do et al. 2014a,b) , and the FAM134B gene was reported to be associated with average daily gain in pigs (Fontanesi et al. 2014) . In the QTL annotation test, the SPDEF and PACSIN1 genes were associated with body size and the SLC25A48 and SLIT3 genes were associated with growth. Thus, the results detected in the crosspopulation test may provide an explanation for the difference in body size between MMS and SMS pigs.
In conclusion, genome reducing sequencing of 143 Chinese Meishan pigs from four conservation farms was performed in this study. Our population structure analysis showed an obvious genetic difference between the different types of Meishan pigs. Given the interest in the evolution of Meishan pigs, we could detect some selection signatures involved in reproduction and fat traits using the REHH test. We suggest that HDAC4 and FOXL2 may be associated with the high prolificacy of the Meishan pig breed. On the other hand, by comparing the genome of MMS pigs to SMS pigs using XP-EHH test, we could detect some signatures related to body size. We suggest that rs341373351 in the PACSIN1 gene might be a candidate position for body size in pigs. In summary, this is the first genetic selection signature survey on the Meishan pig population from the four conservation farms. The results of this study may contribute to understanding prolificacy and body size in pigs.
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